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In this article a feasibility study is undertaken and a detailed analysis is made
of a wide-band very long baseline interferometer (VLBI) for the purpose of rang-
ing and tracking a spacecraft. The system works on two frequencies (S- and
X-band). By a new correlation technique, it is shown that it is possible to extract
information on the total electron content with a rather high degree of accuracy,
an accuracy certainly impossible to achieve with tracking modes currently in use.
The total electron content and its time variation are valuable quantities on their
own; they give important information on the solar wind. It is also shown that at
the same time, potentially, the determination of the declination and right ascen-
sion of a spacecraft can be made much more accurately than by existing procedures.

l. Introduction

The ever increasing complexity of future unmanned
space missions engenders an ever increasing need for
higher accuracy with respect to tracking and ranging a
spacecraft. Accordingly, here at JPL, a number of new
tracking modes are currently under investigation. Before
delving into this, let us first comment on the customary
methods employed as of this writing. The range p (the
distance between the spacecraft and an earthbound ob-
server) is simply measured by measuring the round trip
time between the observer and the spacecraft. This is
achieved by transmitting a range code (a particular type
of modulation of the S-band carrier) and comparing the
received range code transmitted back from the spacecraft
with the internally generated range code carefully cali-
brated with an internal clock (usually a Rb-standard, but
recently H-masers, which are two orders of magnitude
more accurate, are more and more the vogue). This round
trip time, wlien corrected for tropospheric, ionospheric,
and other influences on the electromagnetic radiation, is a

46

direct measure of the range. On the other hand, the range
rate p is determined by measuring the doppler shift, in
other words by measuring the carrier frequency as a func-
tion of time. Again, corrections have to be made for time
variations of electron densities, etc. Currently the inherent
accuracy of the ranging system' is 7 m and the inherent
accuracy of the tracking (doppler) system® is 1.3 m/12 h
(Ref. 1).

Now, the range p depends, of course, on the orbital
elements of the spacecraft: R the distance from the center
of the earth, § the declination, and « the right ascension,
as well as on the station location in a certain way (for
details see below). The problem then is to extract informa-
tion about R, §, and « from the measured values of p and j
(the observables). An error analysis has shown two things
(Ref. 2): (1) an accurate determination of the declination
near § =~ 0 is very difficult, and (2) the process noise

1This does not take charged-particle or tropospheric calibrations into
account,
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(random forces due to jet leakage, solar pressure, etc.)
is most severely affecting R and this error propagates
“downstream” and degrades the determination of 8. If the
geocentric range R could somehow be removed, a deter-
mination of 8, particularly at low §, would principally be
much more accurate. This can indeed be achieved by
tracking and ranging from two different stations widely
separated and differencing their respective topocentric
ranges, for then R, being the same for both stations, can-
cels and we are left with a tidy expression containing only
@, 8, and the station locations.

-

The differencing just described can be realized by a
number of possibilities. Here we list the major ones now
under active investigation:

(1) Alternate ranging. In this mode the two stations
range separately and alternately, each for about
30 min during the overlap time, i.e., the time both
stations can see the spacecraft simultaneously. The
individual measurements are subsequently differ-
enced. A simultaneous ranging is not possible since
the two existing ranging machines ( and pn) are
quite different (different range codes, etc.).

(2) Simultaneous tracking (2-3 way). Here a signal is
transmitted from one station and received at both
stations. The received range and doppler cycles at
the station which does not transmit are referenced
to a synchronized clock. The independent measure-
ments are subsequently differenced and yield the
differenced range and range rate.

(3) Coherent switching between the spacecraft and a
radio star. This is a true very long baseline inter-
ferometric (VLBI) mode. The idea is that two sta-
tions are receiving simultaneously a noise signal
from a radio star and then switching the antennas
so that the spacecraft’s signal can be received alter-
nately. The interference fringes in both cases give
the relative position of the spacecraft against a back-
ground of radio stars, and if in turn their positions
are known relative to the sky, the angular param-
eters of the spacecraft are determined.

(4) Spacecraft VLBI. In this mode the two stations
listen simultaneously to a signal emanating from
the spacecraft. This is the mode we are going to
analyze in detail in the following.

All modes described here, as all tracking and ranging
methods, have to be calibrated for charged particles and
the troposphere. Because of the dispersion of the dielectric
constant, as far as the interaction of the electromagnetic
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waves with the plasma is concerned, transmission and (or)
reception of signals at two different frequencies will deter-
mine the total electron content (see Section I1I) and there-
fore calibrate for charged particles. The method we are
going to analyze subsequently will determine separately
the differenced range, the differenced range rate, and the
total electron content within the ray path.

In Section II a VLBI correlation analysis is presénted.
In Section III this analysis is extended to determine the
charged-particle effects and a correlation analysis is pro-
posed and analyzed, which allows for a separate deter-
mination of the total electron content.

With the notation of Fig. 1 one readily establishes that
the vectors from the center of the earth to station 1 or 2
on the surface of the earth are given by

r, = r{V(cos Qt e, + sinQte,) + rM tane, e, (1)

and

r, = r®(cos (Qt + L) e, +sin(Qt + L)e,) + r® tane, e,
@

where Q is the angular speed of the earth, L the difference
in longitude of the two antennas, and €, €, their respective
latitudes. e,, €,, and e,, finally, are unit vectors conve-
niently placed in such a way that the longitude of station 1
coincides with the direction of the x axis, which we take to
be the vernal equinox, again for convenience. The angle
of Fig. 1 is then the right ascension of the spacecraft. If
these conveniences do not apply, an appropriate time
translation has to be performed, a consideration which is
immaterial for this analysis.

From Fig. 1 it is clear that
n+p=r.+p, =R 3)

where R is the geocentric range and p the topocentric
range of the spacecraft. Representing R by

R = R {sin 8e, + cos & (cos ae, + sin ae,)} 4)

where § is the declination and « the right ascension of
the spacecraft, and assuming R > > r®" =~ r(®, we obtain

|p:| = R — (¥ (cos & cos (Ot — «) + sin S tane,) (5a)
and
|p:] = R — r{® (cos 8 cos (Qt + L — «) + sind tane,)

(5b)
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One readily establishes that the time delay between
the reception of a signal at station 1 and the reception of
the same signal at station 2 is given by

1 1
T,= ;[Ipll —|p:]] =?{Dcosscos(9t—3)

— (r® tane, — r® tane,)sind) (6a)

. D a
T, = vy [(2 — &) cos 8 sin(Qt — B) + 8 sin 8 cos (Qt — B)]

3
- (r® tane, — r» tane,) cos & (6b)
with

D = [(r®)? 4 (#®)2 — 20 &) cos L] (7)

M sina + r{» sin (L ~ «)
1 — 2 —
M cosa — 7 cos (L — «)

tan B =

(8)

« and 8 in Eq. (6) are the time-dependent quantities of
greatest interest and can be determined more accurately
with a VLBI technique than with existing methods, as
will be shown on the following pages.

Il. Development of the Analysis of the VLBI
Technique

Since we are interested in ranging measurements,
we are dealing with a modulated (wide-band) signal
rather than a monochromatic (narrow-band) signal as in
doppler.* If F (o) is the Fourier spectrum of the signal
we may represent the voltages at the output of the two
RF amplifiers of the two stations relative to each other by

\'A Z/da)F(m) COS ot (9a)

V, = /da) F (o) cos [w (t + T)] (9b)

where T, is given by Eq. (6) and the time # must be syn-
chronous for the two stations. Since the frequency w is
usually very high (the modulation F is centered at the
carrier frequency w, = 10'° sec™?), the signals (9a) and (9b)

2The first part of the following analysis is similar to one given by
P. S. Callahan /Ref. 3). Even so, this analysis is far more detailed.
On the other hand, the only other paper in the open literature
addressing itself to the same subject is by G. W. Swenson and
N. C. Mathur (Ref. 4). That paper, however, does not address
itself to a charged-particle calibration, which is the central theme
of this article.
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must be heterodyned to obtain a usable intermediate fre-
quency. Let the local oscillators have frequencies «, and
w2 = w;. After mixing and filtering out the high-frequency
component at each site, there results a signal which we
may express as

ven ~/dw F () cos [(a)l —w)t+ ¢, t] (10a)

VEn /da) F (o) cos [(w; — o)t + Ty + ¢, ()]
(10b)
The phase errors ¢, and ¢, are introduced by the time
standards and the electronic equipment. Both ; — » and

0, — o are sufficiently slowly varying so that V(" and
VD can be recorded with ease (on tape for instance).

After recording the data (Eqgs. 10a and 10b), which
introduces additional phase errors ¢% and ¢7 that we lump
together with the previous phase errors, we obtain the
cross correlation C (7):

8
C(+)= —2%/5 dtVED () VED (¢ + 1)

Lt [ dodo F ) F (o
=35 , t/a)w (@) F (o)

X cos [(w; — o)t + ¢ (t)]
X cos [(m2 — o) (t+ 'r) + o'T, (¢ + )+ o (t+ 7)]
(11)

For the noise pulse spectrum F (), we take the following
as a simple analytical model which is, however, general
enough to be quite adequate:

1 +00 o — o 2
E R; cos [(0 — wo) T;] exp (— (—,,—))
T wp h

e (12)

F(o) =

Here R; and T; are random variables. R; is the amplitude
with zero mean and T; the inverse repetition rate or the
time elapsed between two pulses, itself a random variable
with (possibly) a Poisson distribution. We will see pres-
ently that the underlying probability distribution for both
R; and T need not be known.? «, is the carrier frequency
and o, is essentially the bandwidth. For mathematical
convenience we choose a Gaussian pulse shape. From
Eqgs. (12) and (10) we obtain in the time domain:

3The bandwidth «; could also be made a random variable erratically
changing from noise pulse to noise pulse. The outcome of the analy-
sis would be exactly the same.
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wo) t+ ¢y (t)]

VG (f) ~ %Z T
X#@[—%U—Tﬁ}w@[—%ﬁ+Tm}

(13a)
Z R; cos [(»

x {exp[—%i(t—n—w]

-

+exp[—%g(t—T + T;)* ]}

VD (£) ~ —w)t + ¢ (8) + 0o T (2)]

(13b)

To evaluate the cross correlation we have to multiply the
two voltages (13a) and (13b) together and integrate over
time. Assuming that the integration time is only a few
minutes and that the delay time T and the phases ¢ are
slowly varying functions of time, we put

$1=¢10 T bt G0 = du + but (14)
and
T, =T, + Tot (15a)
as well as
=19+ 70t (15b)

We also filter out the high-frequency component of the
product (13a) times (13b). Because of the sharpness of
the peaks in amplitude, the integration can safely be
extended to infinity. Also, since we are only interested in
positive times (the experiment starts at ¢ = 0), the second
terms in the braces of Eq. (13) may be discarded. Taking
advantage of the fact that the R; are random with zero
mean so that the expectation E (R; R;) = §;; R%, we obtain
for the cross correlation the following expression:

C(r) = Kb\;—?\/—?zﬂ?cos(&\/% + y>

xep{ - %4-8)} (9
where
&= 02— 01+ a0 — bro + 0oTo + (02— 1) 7o (17a)
B=1+41+1—T,) (17b)
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(wz - 0’0) To

(17¢)

Y= 20 — P10 T q.Sono + woTy + woToro +

A =Ti+ (ro— T; — To — Tory)? (17d)
B

= Tumo) = T}
(17e)

;=B (L4 70— To) (o — T; ~ T

and 23 is the integration time normalizing the summation
over j. If we neglect T, for a moment and set 7 = 0 (con-
stant time offset) and & = 0, we obtain from Eq. (16):

1 of 1
7) = \/g—s-cosyexp<—‘8—b(7 - To}z);b—zﬂﬁ

(18)

The cross correlation C (7) has a sharp maximum at + = =T,
and can, therefore, be measured accurately.* However, T,
is not zero. Disregarding the motion of the spacecraft
relative to the earth, the order of magnitude of T, is
approximately given by T, =~ @ D/c, where @ is the angu-
lar velocity of the earth and D is the baseline of the VLBI.
For D =7000 km and © =7.310-%, T, = 10-¢ < < 1. In this
case a constant offset time =, would not give any informa-
tion about T, in contradistinction to the case considered
in Eq. (18). The offset time = must be changed with time
at the same rate as T, changes with time. Since T, << 0,
it suffices to consider only linear terms in T, (or 7).

Care must be taken here if large integration times are
contemplated. For we have, conservatively speaking,

Q 1 Q2
T=T,+—Dt+—=—D¢ - -
c 2 ¢

In the following analysis we only keep the linear term.
But if integration times are of the order of 10 min, the term
quadratic in time will give a contribution of 2+ 10-° at the
end of the integration interval. Reducing the integration
time to 1 min reduces the quadratic correction to 2+ 10,
which is acceptable since the range is then accurate to
the 30-cm level. On the other hand, a shorter integration
time is quite adequate in the case of spacecraft VLBI for
the simple reason that the spacecraft puts out a larger flux
than the faint and distant radio stars. For instance the pro-
posed (proposed for the grand tour) spacecraft trans-
ponder of 10 W at S-band yields 60 flux units under the
assumption that the noise fills the whole 1-MHz band
(1 flux unit = 10-2 W/m>-Hz), whereas the 4-W X-band

*The accuracy of the measurement depends strongly, of course, on
the bandwidth «, and the possibility of digitizing the information at
a high bit rate.
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transmitter yields approximately 1000 flux units at a dis-
tance of 1 AU. Compared to that a distant radio source
emits about 1 flux unit. An integration time of 1 min is
sufficient and the linear approximation is valid.

It turns out that the function F; (r) = A; — B; of Eq. (16)
has a minimum at

r=1=To(L+ To) + T; (Ts — #o) (19)

which is independent of j if 7, is set equal to T,. The value
of F; () at the minimum with this choice for #, is now

-

Fi(r=T,[1+T])=0 (20)

again independent of j. The cross correlation (16) will
exhibit a sharp maximum at® 7, = T, (1 + T,) provided
that the offset time r is given by

T = To + Tot = T()(]. + T()) + Tot (21)

Neglecting &/w, we now have for C (7):

C(r) = \/%'%exp{—%;(r —~ )}

1 . ; .
>< _a)—b'gz R? COS ['y + ((1)1 — W2 + ¢10 - ¢20 - (DZT()) T]]
’ (22)

where 7, is given by Eq. (21). The expression (22) is valid,
after neglecting insignificant higher order terms, in the
neighborhood of = = r, and exhibits again a very sharp
maximum at 7 = 7, if the cos terms in the series of Eq. (22)
are slowly varying throughout the integration time 28.
But this is assured if

28 (w1 — wy + qZ)m — (2)20 — (ozTo) <« rad (23)

A conservative number for the fringe rate T, is 10-¢ assum-
ing that T, is solely given by T, = Q D /c with Q the angu-
lar velocity of the earth and D the baseline of 7000 km.
Neglecting the phase drifts in Eq. (23) and assuming an
integration time of 1 min, the requirement (23) becomes

o1 — o» — 10% 0, < 10-2 Hz (24)

5The reason for the odd expression o = T, (1 + To) rather than
70 = To as in Eq. (11) is “retardation.” The signal which reaches
antenna 1 at time ¢ does not reach antenna 2 at ¢ + T (£) but at
t+Tt+r)=t+rsotht TO++T@E =7rorr=T(+T
in first order.
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a condition which can easily be met. Since the drift rates
¢, are unpredictable, they should not be allowed to exceed
10% of the 10-2 Hz just quoted or translated into frequency
stability requirements; the fractional frequency deviation
should be better than 53X 104, a requirement only a
hydrogen maser can meet to date.

In principle it is, therefore, possible to measure with a
high degree of accuracy both the fringe (the time delay
or differenced topocentric range Eq. 6) and the fringe
rate (the time rate of change of the time delay) by means
of a wide-band VLBI. Obviously the accuracy becomes
better the larger the bandwidth w;, since the maximum
of the cross correlation at the correct offset time (Eq. 21)
becomes more pronounced. There is no maximum if 7, is
not chosen correctly, and there is only a weak maximum
if 7, is chosen incorrectly. By varying  and # around their
expected values, the absolute maximum of C (), there-
fore, yields both T, and T,.

There are, however, two major contributors toward a
degradation of the measurements. The first consists of the
influence of the charged particles (the solar and iono-
spheric plasma) and the second consists of the influence
of the troposphere. The tropospheric corrections must be
made at each station separately, probably in the same
manner as in the past. Radiosonde measurements, etc.,
are necessary for the determination of air density as a
function of altitude, water vapor content, and so forth.
The range corrections due to the troposphere vary typi-
cally from 2 to 100 m, depending on elevation angle, and
will not be discussed further here.

Hl. Charged-Particle Corrections

The charged-particle corrections will keep us occupied
for most of the remainder of this article. Taking into
account the dispersive dielectric constant of the charged
medium, it is easy to see (Ref. 5) that Egs. (9) have to be
replaced by

v, =fde(m) cos[wt — % 1, (t):l (25a)
v, =/de(m)cos[m(t +T,) — il (t)]
(25b)
where a = 2we? /mc and
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is the total electron content in the raypath between the
spacecraft and station j (j = 1,2). Following now exactly
in the footsteps leading from Eq. (9) to Eq. (13), we obtain
for the intermediate frequencies®

VN (¢) ~ %Z R; cos I:(wl —wo)t T Py (8) + wio I, (t):l

m‘g a 2
X exp{——4—'<t— L1 - Ti> }

VD () ~ %Z R, cos [(w2 — o)t g () + L)

+ 0oT, (t)] exp {-"’%(t —-T,— 11 - T,i>2} (27b)

and we see that the pulses are delayed by the interaction
with the plasma (group velocity). In Eq. (27) we only took
those terms into account for which the arrival time lies
within the time interval (0, 28) in which the observations
are actually made. Just as in Egs. (14) and (15), we put:

(27a)

L (£) = Lo + Lot (28)

and similarly for I,. Expansion (28) is again valid to a
sufficient accuracy within the integration time 28§, as it
was the case with Eqgs. (14) and (15). The analysis leading
from Egs. (13) to Eq. (16) can now be performed in com-
plete analogy starting with Egs. (27). After some tedious
algebra, one is led to Eq. (16) again. Only the meaning
of the parameters «, 8, y, A; and B; has changed. The
result is the following: taking the charged-particle effects
explicitly into account, the cross correlation is again given
by Eq. (16), but the parameters (Egs. 17) have to be
replaced by

&-—-)t.x':mg—wl+(.{>zo_(;510+w0’f'0+(0’2—"’0)7.'0

+ i (1.20 - iw) +%(‘02 - “)1) I.lo (293)
wWo wo
B_)szl+[1+;0_i~0+%(iw—fm)]
(29b)

Y= ‘y’ = ¢20 - ¢10 + (;2070 + LD()TO + wOTOTO + ((Dz - ‘-!)1) To

- 0)1) 110 + i (120 - Iw) +£‘ iono

wo ®o ®o
(29¢)

6Taking the dispersion into account as in Ref. 5, p. 408.
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A]'—) A; =
. a - a 2
T3 + [TO —T; — Ty — Tore — — Looro +—; (Lo — 120):|
o} 1o

(29d)

B,— B, = (§)* {[1 + 30— Ty + — (Lo — izo):l
o

. 2
12070] - Ty}

(29e)

. a
[To - T; - T() - ToT() + '_2(110 - 120) -
o

S|

Terms_containing the time derivative of the electron
content I cannot be neglected in the expressions above.
Typical time variations I are of the order of 10" cm™ s~
(Ref. 6) leading to a value for an I/4§ of about 10-*°. Now,
T, is of the order of 10-¢, and it is desired that it be known
to an accuracy of one part in 10° corresponding to an
accuracy of 1 mm/s for the differenced range rate. Time
variations of the intervening plasma are likely to be an
order of magnitude larger than the desired accuracy. To
proceed with the analysis we detprmine the minimum of
F, = A} — B} with respect to 7,, which yields the maxi-
mum of the cross correlation according to Eq. (16). It is
given by

T:TO=T0(1+TO+%1}0>
w9
. . a - -
+ T, I:TO — 70— — (Io — Izo)]
w9

- ﬁf (IIO - Izo) (30)

and is independent of T; if

. a - .
1."() - TO - :)‘2_ (IIO h 120) (31)
0

With this choice of 7, the cross correlation is given by

C(r) = @%exp{— - )}

1

0pd

X

S Ricos [y — T;¢&'] (32)

i

in the neighborhood of the maximum. 7, is now given by
Eq. (30), y/ and & are given by Egs. (29a) and (29c).
Again we have a very sharp maximum if Eqgs. (30) and (31)
hold. Also, in order that no cancellation occurs in the sum
over § we must have

51



(0)1 10
(00

28 [01—02+$1o_¢20 a)gTo U)QI )]<7T

(33)
This condition on the beat frequencies is essentially the

same as Eq. (23) because of the smallness of the plasma
correction terms.

It is clear from the foregoing that it has been achieved
to measure accurately the quantities:

=T, (1 + T, + % izo)— S (Lo—T)  (34a)
-~ (0N Wo
and
- a . 3
= To - _a:; (110 - Izn) (34b)

and it is necessary to correct for the corrupting charged-
particle effect. This can be done only with additional
measurements. The well-known Differenced Range Ver-
sus Integrated Doppler (DRVID) method cannot be em-
ployed, since it measures only the time derivative of the
total electron content and not its absolute value. There is
another reason why DRVID is a poor choice for correct-
ing the VLBI measurements contemplated here. DRVID
measures the time variations of the plasma between the
spacecraft and the ground station on both the uplink and
the downlink. It does not differentiate between the two
links. Therefore % I as determined by DRVID is not
necessarily the same as the quantity I, or I, of Eq. (27)
(Ref. 7). Therefore, an independent determination of the
total electron content for each raypath has to be made
using two different frequencies (dual-frequency method).

At this point there are essentially two avenues at our
disposal, remembering that we have a dual-frequency sys-
tem available. The first thing to do if we want to calibrate
for charged-particle effects is to simply measure the quan-
tities Eqgs. (30) and (31) at a different carrier frequency o).
Then we have, exactly as Egs. (30) and (31),

a o a
WI%) - W (Il(}— L) (303)

TO=TO<1+1'1,+

a

W(iw - izo)

f0=T, — (31a)

Then subtracting Eq. (30a) multiplied by (w})?/e? from
Eq. (30), we have

Tg:TO(1+T0><1—(L62f>

wo

(w0)?

2
0

(31b)

To
(0]

and all charged-particle ambiguities are removed. How-
ever, the total electron content I (¢) is in itself a valuable
quantity to know since it gives information on the solar
wind. We like to propose, therefore, a method in the fol-
lowing which gives just that information without being
unduly expensive and without impairment of the range
and range rate accuracy.

Suppose there are two phase-locked wide-band trans-
mitters on board the spacecraft operating at frequen-
cies o, and o} with bandwidths o, and o}, respectively.
A ground station receives simultaneously a noise voltage
with its receivers, which may be expressed by

v, -—“/dwF(m) Cos[(ut - %I(t):l

(35a)

and

v, Z/dwF’(w)cos[mt - % 1) + ¢.] (35b)

The indices 1 and 2 now refer to the two transmitters.
¢ is a constant phase, since the transmitters are phase
locked. The Fourier spectrum F (») is given by Eq. (12)
and F’ (o) is7;

VwZR cos [0 = o5) T ]expl: (T;T)]

(36)

F (o) =

The subsequent analysis is quite similar to the previous
calculations so we shall be brief in the following. The
intermediate frequencies are given by

"We assume coherent noise, of course, so that the signals from both

and again transmitters stem from the same noise source.
) 1 a f a z
V‘l”’(t)~5 E Ricos| (o1 —wo)t + ¢ (8) + —I(¢) | exp oy t——71—Ti> ] (37a)
®o 0y
, a (wh)? a z
VD (t) ~ o E Ricos| (o —wo)t + ¢ (t) + —I(t) + ¢ |exp| — 2\ wF I-T; (37b)
(08 Wo
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o, and o, etc., are, of course, not the same as in previous calculations since 1 and 2 refer to the two different channels of
the same station rather than to the two stations. Again we use the linear approximation for ¢ (¢) and I (¢) which is quite
sufficient for the integration times involved (1 min). After some algebra analogous to previous calculations we obtain:

\ Z . [E; £ o
C; ('r) = E;b—slv_—e_ R3cos| ¢ T] + 7 Jexp {— w_ﬁe — % (D; — E) (38)
)
where
i (YT (- 2 Yah 4+ [ 39
=1+, o ()T (398)
: ~ , . . e N a s a -«
gzwg—ml+w0—m0+¢20‘—¢10+(w2—m0)70 +(w2—w1—w0)—21(.+‘710 (39b)
0] 0
, s a : Qo oa
77=¢20—¢10+¢+<w2—w0+¢20+—,‘IO>TO+(m2—m1—wO)—2—IO+—;IO (390)
L0 (O5) Wo
N\ 2 2
= 2 22- — a i__ a _ )
D] T] +<wb) [To (l (w(,))z I())+ <mg (ws)z) I() T]] (39d)
» oh \ 2 . . 1 1 1 1 a : 2
E,=¢ {_Tj+ (';;‘) l:l-f-m-f-aln(w—g— (m_6)2>:||:T0+aIO<w_%_(_u/())_2>_( AL I, Tj]} (396)

The correlation (38) depends critically on the band-
width differences of the two channels o, and o}, If w3 =
wp, Cr exhibits a pronounced maximum if the offset time +
is chosen to be:

a condition which can easily be met.

A possible implementation of this calibration technique
is shown in Fig. 2.

= —al, ( 1 __}_ ) (40a) Two problems finally remain before the system de-
of  (w0)? scribed here can be employed within the accuracy
demanded, i.e., better than 1 m in range and 0.1 mm/s in
and range rate.
1= —al, (L 1 > (40b) The first problem is the necessity to calibrate for tropo-
wp () spheric effects. This must, of course, be done at both sta-

and the electron content I may be measured accurately.
If, however, the bandwidths differ, no such claim can be
made; in that case the maximum of each individual term
in the series (38) depends on T; so that no common =
exists which maximizes all terms of the series (38) simul-
taneously. It follows also from Eq. (38) that the frequen-
cies have to be chosen such that the product:

wo Wy
(w0’ )] <7

(41)

28|:a)2—m1+m0“w6+<2)20—<i;10+di0(
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tions independently since the atmospheric properties are
expected to be quite different at the widely separated
antenna sites. How the calibration is effectuated is ex-
plained in detail elsewhere (Ref. 8).® Range corrections
are a sensitive function of the elevation angle and are
typically of the order of 2 m (at zenith) to 100 m (at 0-deg
elevation angle). The accuracy of this calibration is about
5% or 10 cm at zenith, which is quite adequate. However, it
appears to be 7% at very low elevation angles, for instance,

8See also “New Tropospheric Range Corrections With Seasonal
Adjustment,” by C. C. Chao in this issue.
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corresponding to about 4 m at 10 deg (quite inadequate),
so that for elevation angles less than 10 deg the errors
become intolerably large, and the data must be discarded
if we wish to stay within the accuracy of better than 1 m.

The second problem is that of time synchronization.
It is clear that if there is a time difference between the
times measured independently at the two stations it will
show up as a range error. Assuming the clocks have been
synchronized once, how long will they stay this way?
Now, it turns out that the very stable time standards
which must be used in the VLBI system are hydrogen
masers. They haveran (unpredictable) drift of equivalent
range of about 30 cm in 24 h. Assuming that the drift
rates are solely due to the hydrogen masers (a rather bold
assumption), it is then necessary to resynchronize again
within three days to keep the range error below the 1-m
level. We like to propose here a rather accurate method of
synchronization which uses laser ranging.

It is known that the accuracy of a laser ranging system
presently being used is 30 em. It is also known that within
the present state of the art the accuracy can be improved
to the 3-cm level® without the need of any breakthrough.
Suppose, then, that a VLBI is pointed at a synchronous
earth satellite a few earth radii away and that at the same
time two lasers, one at each site, are ranging the same
satellite.'® Then we would obtain from the lasers the
information

cT® = o, — p, + V 2+ 30 cm (or better) (42)
and from the VLBI:

cT,=c (TP + Ay) (43)

where Ay is the error in clock synchronization which may
be obtained from the two independent measurements
(42) and (43) and corrected for within the accuracy of the
laser ranging. Of course, Eq. (43) represents only an
idealization in as much as the previously discussed error
sources are not mentioned explicitly. They have to be
accounted for as discussed above. Another trivial fact
that needs mention in passing is that there is a difference
in location between the satellite’s antenna and corner re-
flectors as well as between the lasers and VLBI antennas
that has to be accounted for.

9Private communication with R. Jaffe.
19The satellite must be equipped with a dual-frequency transmitter.
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IV. Summary

On the preceding pages the feasibility and the potential
enhancement of accuracy over the currently used ranging
systems as described in the introduction have been shown.
It has also been shown how to measure the total electron
content separately within the raypath, a quantity which is
of great interest to solar plasma physicists. The limitations
in accuracy of the “coherent noise” system are due to four
erTor sources:

(1) Bandwidth. A small bandwidth (as seen from
Eq. 18) is quite detrimental. But, because of the expo-
nential nature of the maximum of the correlation function,
the bandwidth limitation is not critical. A 1-MHz band-
width will yield a value of T, good to 1 part in 107, ap-
proximately.

(2) Coherence between the X- and S-band transmitters.
To take out the plasma effects, or in other words, to cali-
brate for the charged particles, the two transmitters on
the spacecraft have to have a certain amount of coherence.
First of all, they must be phase-locked; secondly, their
bandwidths must be identical. The reason for these re-
quirements is easily seen from Egs. (39). A phase drift
of the two receivers with respect to each other and a mis-
match of the bandwidths would result in an unacceptable
charged-particle calibration. However, we have to remem-
ber that the aforementioned calibration does not have to
be performed to the same degree of accuracy as the dif-
ferenced range measurements (the ubiquitous T, of
Eq. 6a). The correlation analysis may still be performed
with the 1-MHz bandwidth originally assumed, the error
in the charged-particle calibration amounting to no more
than 1%,

(3) Tropospheric influences. They have been mentioned
on the preceding pages and do not need any amplification,
except that one should always be aware of their degrad-
ing influence on range accuracy.

(4) Synchronization. Synchronization is essential for
this system to work. Without it, all advantages of the
spacecraft VLBI will be utterly lost. It is therefore vital to
implement a viable system allowing for the best accuracy
available. The laser system proposed in this article seems
to be more accurate in this context than any other known
to the author at present.
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w  SPACECRAFT

~

x, y, z = CARTESIAN FRAME COMOVING
WITH CENTER OF EARTH BUT NOT
ROTATING. DURING ONE PASS THE
THE VE (VELOCITY OF EARTH) IS
CONSTANT, THEREFORE, x, y, z
REPRESENT AN INERTIAL FRAME AND
V = Vg - Vg WHERE Vg IS THE
VELOCITY OF THE SPACECRAFT IN A
HELIOCENTRIC INERTIAL FRAME.
ONLY STATION 1 IS SHOWN

o — e

Fig. 1. Ranging geometry
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Fig. 2. Interferometer schematic (note the possible advantage for at least two correlators
for independent charged-particle calibration)
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